Summary. The migration of macrophages in chick bone marrow was studied by histoplanimetry after an intravenous injection of colloidal carbon or iron-dextran. In the initial stages after the injection, carbon-laden macrophages were found only in the sinus, where erythrocytopoiesis took place. The carbon-laden macrophages then passed through the sinus wall and gradually migrated from the sinus to the extravascular area (i.e., the granulocytopoietic region) peaking at 1 to 3 days after injection. After 7 days, almost all the carbon-laden macrophages accumulated to form "macrophage islets" mainly around the lymphatic nodules in the extravascular area. In the cases injected with iron-dextran, the movement of iron-laden macrophages was similar to that of the carbon-laden ones. The similarity suggests that the direction and time of migration of macrophages are independent of ingested materials.
In avian bone marrow, different types of blood cells develop in separate regions: Erythrocytopoiesis is restricted to within the sinus, while granulocytopoiesis and lymphocytopoiesis are localized in the extravascular area (RoMANOFF, 1960; CAMPBELL, 1967; HoDGES,1974) . Numerous macrophages occur in the chick bone marrow (GLlcx et al., 1964; SORRELL and WEISS, 1980) , but to the authors' knowledge there is no information on the movement of macrophages after phagocytosis in the organ.
In this study the migration and accumulation of macrophages in chick bone marrow, after ingestion of foreign particles are described and the possible influence of different types of injected materials on the migration of chick macrophages is discussed.
MATERIALS AND METHODS
Six-week-old White Leghorn chickens (G 360; 450 to 500g body weight) were used as materials.
Thirty chickens intravenously received 0.2 ml of colloidal carbon (Pelikan cll/1431a) per 100g of body weight in one dose. Iron-dextran containing iron 100 mg/ ml and dextran (Meito Co., Nagoya) was injected intravenously into 30 other chickens at a dose of 0.2 ml per 100 g of body weight. Five chickens were sacrificed at different time intervals: 5 min, 6 hrs,1, 3, 7 and 14 days. The bone marrow obtaind from the femurs of the birds was fixed in Bouin's fluid and 10% formalin, and then embedded in paraffin. Sections of 5,um thickness were stained with hematoxylin-eosin in the carbon-injected group, and with Prussian blue reaction followed by kernechtrot in the iron-injected group. Some pieces of the bone marrow were fixed in 2.5°o glutaraldehyde followed by 1% osmic acid and embedded in epoxy resin in the usual way. The ultrathin sections were stained with lead citrate and uranyl acetate, and observed under an HU-12 electron microscope.
The areas of the sinus and extravascular regions, as well as the number of particleladen macrophages found in each region were counted on histological sections with the aid of an ocular plotting micrometer (Olympus optical Co.) at 200-fold magnification. In five randomly selected areas from the bone marrow sections of each bird, the number of particle-laden macrophages per 0.1 mm2 of sinus or extravascular area was counted.
RESULTS
General structure of the chick bone marrow
The chick bone marrow was divided into two distinct microenvironments: the formation of red blood cells was restricted to the sinus area, while that of white blood cells occurred in the extravascular area ( Fig. 1, 3 ). In the sinus, more mature cells of the erythrocytic series were usually more centrally located than their precursors. The endothelium lining the wall of the sinus lacked a basement membrane, and sometimes possessed gaps (Fig. 1a) . In the extravascular area, both numerous cells of the granulocytic series in various stages of development and fat cells were observed. There were lymphatic nodules consisting of small and medium sized lymphocytes.
Rare germinal centers occurred in the chick bone marrow (Fig. lc) . Some of the lymphatic nodules were seen in association with the arterioles or the central vein. Plasma cells and mast cells were often observed in the extravascular area (Fig. 1b) . 
Migration of carbon-laden macrophages
Under the light microscope, carbon particles ingested in macrophages were observed as black dots or small lumps within their cytoplasm. Endothelial cells showed a slight ingestion of carbon particles but no marked change. The number of carbon-laden macrophages located within 0.1 mm' of the sinus or the extravascular area at each time is shown in Figure 2 .
Five min after injection, carbon-laden macrophages were seen almost exclusively within the sinus; a few were noted in the extravascular area (Fig. 3a) . The macrophages were located in the center of the sinus containing, besides the carbon particles, debris of red blood cells within membrane-bound vesicles. Macrophages in the sinus were surrounded by mature erythrocytes (Fig. 4a) . After 6 hrs, the intrasinusoidal carbon-laden macrophages increased in number, and many were situated in the periphery of the sinus (Fig. 3b) . A few macrophages were seen in the extrasinusoidal area. One day after injection, more carbon-laden macrophages were observed within the sinus and in the extravascular area (Fig. 3c) . After 3 days, carbon-laden macrophages increased in the extravascular area, but decreased in the sinus (Fig. 3d, 4b ). After 7 days, a few macrophages were seen within the sinus, but the majority of the carbon-laden macrophages were observed in the extravascular area. It was noted that the carbon-laden macrophages gathered to form so-called "macrophage islets" in the extravascular area, especially around lymphatic nodules (Fig. 3e) . After 14 days, almost all the carbon-laden macrophages were located in the extravascular area, and the macrophage islets could still be observed there (Fig. 3f) .
The total number of the carbon-laden macrophages found in the chick bone marrow increased from 5 min to 3 days, and then decreased after 7 days.
Migration of iron-laden macrophages
After injection of iron-dextran, iron-laden macrophages were observed by giving a positive Prussian blue reaction. The number of iron-laden macrophages located within 0.1 mm2 of the sinus or the extravascular area at each interval is shown in Figure 5 . Five min after injection, iron-laden macrophages appeared within the central part of the sinus. After 6 hrs, the number of intrasinusoidal iron-laden macrophages slightly increased and some were seen in the periphery of the sinus. There were few iron-laden macrophages in the extravascular area. One day after injection, the iron-laden macrophages were more numerous in the sinus and a notable increase of macrophages in the extravascular area was detected. After 3 days, the macrophages came to contain a large mass of iron particles.
Intrasinusoidal iron-laden macrophages decreased in number, while extrasinusoidal ones slightly increased (Fig. 6a) . After 7 and 14 days, the majority of the iron-laden macrophages were seen in the extravascular area, but a few were in the sinus. Iron-laden macrophages accumulated to form "macrophage islets" mainly around lymphatic nodules in the extravascular area as did the carbonladen macrophages (Fig. 6b) .
The iron-laden macrophages found in chick bone marrow were few in number from 5 min to 6 hrs after injection.
They rapidly increased in number after 1 day, but after 3 days tended to become fewer.
DISCUSSION
There are a few reports on mammalian bone marrow which suggest that at least some macrophages may migrate either from marrow to blood or vice versa (HUDSON and SHORTLAND, 1980) . It may be possible to show a different mode of macrophage-migration in chick marrow, because the avian marrow shows a unique structure in which erythrocytopoiesis occurs only within the sinus, which is not the case in mammalian bone S sinus. Prussian blue reaction counterstained with kernechtrot. x 900. a. Iron-laden macrophages located both in the sinus and in the extrasinusoidal area, 3 days after injection. b. Iron-laden macrophages accumulating to form a macrophage islet in extravascular area, but not occurring in the sinus, 7 days after injection. a b marrow (ROMANOFF, 1960; CAMPBELL, 1967; HoDGES, 1974) . The present experiment seems to show evidence that carbon-or iron-laden macrophages undergo a oneway migration from the sinus to the parenchyma, possibly passing through gaps in the sinus endothelium, the peak of this migration being at 1 to 3 days after the injection of colloidal carbon or iron-dextran.
The particle-laden macrophages are supposed to originate from the blood in chick bone marrow, since the initial appearance of particleladen cells is in the center of the sinus, and their ultrastructure is similar to the blood monocytes of chickens (BURKHARDT, 1980; GREccHI et al., 1980) . Recently, the bone marrow origin of mammalian macrophages has been confirmed ( VAN FURTH et al., 1972) , but it remains to be investigated whether avian marrow macrophages are derived from there or other reticuloendothelial organs. It is well known that macrophages ingest old red blood cells or colloidal iron to provide iron to erythroblasts, and in consequence form erythroblastic islands in mammalian bone marrow (BESSIS and BRETON-GORIUS, 1962; GERMAN, 1967; FEDORKO et al., 1973; HUDSON and SHORTLAND, 1980) . Should they do the same in chick marrows, ironladen macrophages might stay in the sinus without migration, because erythrocytopoiesis occurs only within the sinus in chick bone marrow.
In order to clarify this point, the injection of iron-dextran was carried out in this experiment.
Contrary to expectation, there was little difference in the direction and the speed of migration between the carbon-and iron-laden macrophages.
Similar findings were obtained in the chick liver (SUGIMURA and HASHIMOTO, 1979) . At 1 to 3 days, Kupffer cells moved from the sinusoid to Disse's space and around the lymphatic nodules found in Disse's space after injection of colloidal carbon as well as after injection of glutaraldehyde-treated rat erythrocytes.
These findings suggest that the migration of macrophages may be not affected by ingested materials, including some antigens.
In the present experiment, it was noteworthy that carbon-or iron-laden macrophages accumulated to form macrophage islets in the extravascular area, especially around the lymphatic nodules of the chick bone marrow.
It has been reported that a considerable number of lymphatic nodules occur in chick bone marrow (CAMPBELL, 1967; OsoGOE,1955) , and also that almost all lymphocytes found in this organ are B cells (HUDSON and ROITT, 1973) . Macrophages have an important role in immune response by interaction with T or B cells (UNAUE,1978) . The macrophage islets observed around lymphatic nodules may show an interaction between macrophages and B cells. On the other hand, no decrease in lymphatic nodules was found in the bone marrow of bursectomized and cyclophosphamide-treated chickens, even though the splenic B-dependent area, periellipsoidal lymphoid cells and germinal centers (SUGIMURA and HASHIMOTO, 1980) completely disappeared in the same birds (authors' unpublished data). This suggests that lymphatic nodules in the chick marrow do not necessarily consist of B cells. Further investigations must attempt to clarify the relationship between the migration of antigen-laden macrophages and T or B cells in the chick marrow.
